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ABSTRACT  
4XDQWXPHPLWWHUVDUHDQLQWHJUDOFRPSRQHQWIRUDEURDGUDQJHRITXDQWXPWHFKQRORJLHV
LQFOXGLQJTXDQWXPFRPPXQLFDWLRQTXDQWXPUHSHDWHUVDQGOLQHDURSWLFDOTXDQWXPFRPSXWDWLRQ
6ROLGVWDWHFRORUFHQWHUVDUHSURPLVLQJFDQGLGDWHVIRUVFDODEOHTXDQWXPRSWLFVGXHWRWKHLUORQJ
FRKHUHQFHWLPHDQGVPDOOLQKRPRJHQHRXVEURDGHQLQJ+RZHYHURQFHH[FLWHGFRORUFHQWHUVRIWHQ
GHFD\WKURXJKSKRQRQDVVLVWHGSURFHVVHVOLPLWLQJWKHHIILFLHQF\RIVLQJOHSKRWRQJHQHUDWLRQDQG
SKRWRQ PHGLDWHG HQWDQJOHPHQW JHQHUDWLRQ +HUHLQ ZH GHPRQVWUDWH VWURQJ HQKDQFHPHQW RI
VSRQWDQHRXV HPLVVLRQ UDWH RI D VLQJOH VLOLFRQYDFDQF\ FHQWHU LQ GLDPRQG HPEHGGHG ZLWKLQ D
PRQROLWKLF RSWLFDO FDYLW\ UHDFKLQJ D UHJLPH ZKHUH WKH H[FLWHG VWDWH OLIHWLPH LV GRPLQDWHG E\
VSRQWDQHRXVHPLVVLRQ LQWR WKHFDYLW\PRGH:HREVHUYHIROG OLIHWLPHUHGXFWLRQDQGIROG
HQKDQFHPHQW LQ HPLVVLRQ LQWHQVLW\ ZKHQ WKH FDYLW\ LV WXQHG LQWR UHVRQDQFH ZLWK WKH RSWLFDO
WUDQVLWLRQRI D VLQJOH VLOLFRQYDFDQF\ FHQWHU FRUUHVSRQGLQJ WRRI WKH H[FLWHG VWDWH HQHUJ\
GHFD\ RFFXUULQJ WKURXJK VSRQWDQHRXV HPLVVLRQ LQWR WKH FDYLW\ PRGH:H DOVR GHPRQVWUDWH WKH
ODUJHVW WRGDWHFRXSOLQJVWUHQJWK  2 4.9 0.3 GHzg S  r DQGFRRSHUDWLYLW\ 1.4C  ) IRUFRORU
FHQWHUEDVHGFDYLW\TXDQWXPHOHFWURG\QDPLFVV\VWHPVEULQJLQJWKHV\VWHPFORVHU WRWKHVWURQJ
FRXSOLQJUHJLPH 
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6ROLGVWDWHTXDQWXPHPLWWHUVVXFKDVFRORUFHQWHUVLQVROLGVDUHVXLWDEOHIRULPSOHPHQWLQJDQ
RQFKLSLQWHJUDWHGSODWIRUPIRUPDQ\DSSOLFDWLRQVLQTXDQWXPLQIRUPDWLRQSURFHVVLQJLQFOXGLQJ
ERVRQVDPSOLQJTXDQWXPNH\GLVWULEXWLRQVDVZHOODVSKRWRQLFLQWHUIDFHVIRUHQWDQJOHPHQW
GLVWULEXWLRQ0DQ\FRORUFHQWHUVH[KLELWDVSLQGHJUHHRIIUHHGRPZLWKORQJFRKHUHQFHWLPH
ZKLFKFDQEHXVHGDVRSWLFDOO\DGGUHVVDEOHVSLQTXELWV&RPSDUHGWRRWKHUZLGHO\VWXGLHGVROLG
VWDWHTXDQWXPHPLWWHUVVXFKDVVHPLFRQGXFWRUTXDQWXPGRWVWKH\DUHSDUWLFXODUO\SURPLVLQJIRU
VFDODEOHRSHUDWLRQVGXHWRWKHLUVPDOOLQKRPRJHQHRXVEURDGHQLQJ 
In order to take advantage of their long spin coherence time and narrow inhomogeneous 
broadening, a cavity-based spin-photon interface is required to enhance the coherent emission of 
photons into the zero-phonon line (ZPL), which would improve the heralded entanglement 
generation rate. In addition, quantum emitters with their emission enhanced by cavities act as 
ultrafast single photon sources, which may find applications in high-repetition-rate quantum key 
distribution. However, in prior works which demonstrated enhancement of color center emission 
into the ZPL via resonant coupling withQDQRSKRWRQLFFDYLWLHVWKHPHDVXUHGOLIHWLPHUHGXFWLRQ
KDVEHHQOLPLWHGGXHWRWKHSRRUTXDQWXPHIILFLHQF\RIWKHHPLWWHUVPDOOEUDQFKLQJUDWLRLQWRWKH
=3/OLPLWHGRSWLFDOTXDOLW\IDFWRURIWKHFDYLW\RUORZFRXSOLQJVWUHQJWKEHWZHHQWKHHPLWWHUDQG
WKHFDYLW\ 
,Q WKLV ZRUN ZH GHPRQVWUDWH IROG OLIHWLPH UHGXFWLRQ FRPELQHG ZLWK IROG LQWHQVLW\
HQKDQFHPHQW IRU LQGLYLGXDO FRORU FHQWHUV LQ GLDPRQG FRXSOHG WR PRQROLWKLF RSWLFDO FDYLWLHV
UHDFKLQJDUHJLPHZKHUHVSRQWDQHRXVHPLVVLRQWKURXJKWKH=3/LQWRWKHFDYLW\PRGHGRPLQDWHV
DOO RWKHU GHFD\ FKDQQHOV 0RUHRYHU ZH GHPRQVWUDWH WKH ODUJHVW WR GDWH FRXSOLQJ VWUHQJWK DQG
FRRSHUDWLYLW\IRUFRORUFHQWHUEDVHGFDYLW\TXDQWXPHOHFWURG\QDPLFVV\VWHPV:HXVHQHJDWLYHO\
FKDUJHGVLOLFRQYDFDQF\ SiV±FRORUFHQWHUV LQGLDPRQGJURZQE\FKHPLFDOYDSRUGHSRVLWLRQ
&9'HPEHGGHGZLWKLQQDQRIDEULFDWHGSKRWRQLFFU\VWDOFDYLWLHV7he resulting SiV± centers 
do not exhibit significant spectral diffusion, with linewidths comparable to those reported in bulk 
diamond and in nanobeams.19, 32 $ KLJK \LHOG RI HPLWWHUFDYLW\ V\VWHPV GLVSOD\LQJ VWURQJ
HQKDQFHPHQW LV REVHUYHG EDVHG RQ PHDVXUHPHQWV RI FDYLWLHV QHDUO\ UHVRQDQW ZLWK WKH =3/
HPLVVLRQ 
Fabrication of emitter-cavity systems began with a single-crystal diamond plate (Type IIa, < 1 
ppm [N], Element Six), on which a nominally 100-nm-thick layer of diamond containing SiV± 
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centers was grown homoepitaxially via microwave plasma chemical vapor deposition 
(MPCVD).33 Silicon atoms are readily available in the growth chamber during this MPCVD step, 
due to hydrogen plasma etching of a silicon carrier wafer placed underneath the diamond substrate. 
SiV± centers were subsequently formed in situ by silicon incorporation into the evolving diamond 
layer via plasma diffusion.  
Nanophotonic cavities were fabricated in this silicon rich diamond using electron beam 
lithography (EBL) followed by angled-etching34-36 of the bulk single-crystal diamond, with details 
given elsewhere27 and presented in the Supplementary Information. Figures 1 (a) and (b) display 
a zoomed-in top and angled view of a typical fabricated nanophotonic cavity, respectively. The 
RSWLFDOFDYLW\DUFKLWHFWXUHXVHGLQWKLVZRUNLVD³QDQREHDP´SKRWRQLFFU\VWDOFDYLW\37, formed by 
a one dimensional lattice of elliptical air holes along the freestanding waveguide. An optical cavity 
mode is localized in the structure by positively tapering the air hole major radius (perpendicular to 
the waveguide axis) from each end towards the center device mirror plane. Device dimensions 
(details in the Supplementary Information) were chosen to target a cavity mode near the ZPL 
emission of SiV± center in diamond at Ȝ ~ 737 nm. The figures of merit for our nanobeam cavity 
design (obtained by simulation via finite-difference-time-domain (FDTD) methods) yield a 
theoretical quality factor of Q ~ 10,000, and wavelength scale mode volume of 
3
1.8V
n
O§ · ¨ ¸© ¹ , 
where 2.402n   is the refractive index of diamond. The cavity mode profiles are shown in Figure 
1(c).  
Optical characterization of fabricated devices was performed in a home built confocal 
microscope setup at cryogenic temperatures (~ 5 K). A low temperature photoluminescence (PL) 
spectrum from a representative device under 720 nm laser excitation is shown in Figure 1(d). Upon 
cooling to liquid helium temperature, four characteristic optical transitions between spin-orbit 
eigenstates (labeled A to D in Figure 1(d)) of the SiV± center are revealed. In the PL spectrum, the 
cavity mode is observed blue-detuned from the SiV± emission lines at ~ 734.5 nm, with a Q ~ 8300 
extracted from the full width at half maximum (FWHM).  
The SiV± optical transition C linewidth, characterized by photoluminescence excitation (PLE), 
approaches ~ 304 MHz (full-width-half-maximum) as the excitation power was reduced to 
minimize power broadening effects (Figure 2(a)). This is 3.6 times the Fourier-transform limited 
natural linewidth, and is comparable to that of ion-implanted SiV± centers.32 The linewidth is 
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slightly broader than that of CVD grown SiV±s in bulk,19 which could be due to nanofabrication 
induced strain and proximity to surfaces. We confirm the single photon nature of the emission 
through a second-order correlation measurement of the same SiV± emission in our emitter-cavity 
system under non-resonant pulsed laser excitation from a Ti:sapphire laser, which yields a 
(2) (0) 0.04g   (Figure 2(b)).  
Purcell enhancement of the SiV± emission is observed as our cavity mode was tuned into 
resonance with the individual dipole transitions of the SiV± center. Figure 3(a) shows the device 
PL spectra as we continuously red-shifted the cavity wavelength by gas tuning (for details see 
Supplementary Information). Observed emission intensities of individual SiV± dipole transitions 
resonantly coupled to the optical cavity were strongly enhanced due to the Purcell effect. Figure 
3(b) displays two spectra collected at the detuning conditions indicated by the colored dashed lines 
in Figure 3(a), where the optical cavity was far detuned from (green) and on resonance with (blue) 
transition B. With the cavity on resonance, transition B exhibits an emission intensity increase by 
a factor of ~ 42.4 compared to the far detuned case. We have not been able to saturate transition B 
under resonant condition with up to of 1.8 mW excitation power, limited by our ability to stabilize 
the cavity frequency under high excitation power.  With a maximum excitation power of 1.8 mW, 
we collect 1.33×105 counts per second from transition B when it is resonant with the cavity.  
To quantitatively explore this observed Purcell enhancement further, measurements of the 
SiV± center spontaneous emission rate were performed with the cavity both on and off resonance. 
When the cavity was far detuned, with the temporal profile shown in Figure 3(c), the spontaneous 
decay rate is extracted from a single exponential fit to be 1.84 0.04offW  r ns. When the cavity was 
tuned on resonance with transition B, time-resolved spectroscopy was performed with a streak 
camera (Hamamatsu C5680), which has a faster instrument response time (<5 ps) compared to that 
of hundreds of picoseconds for a single photon counting module (SPCM). The intensity of the 
cavity enhanced transition B dominates all other emission lines (blue curve, Figure 3(b)), such that 
we are able to select the corresponding spectral region on the streak camera image, as shown by 
the dotted box in Figure 3(e). Fitting this binned luminescence to a single exponential decay yields 
a significantly decreased resonant lifetime of 194 8onW  r  ps (Figure 3(d)). For this device, we 
focus on the spontaneous emission lifetime when the cavity is resonant with transition B, because 
this transition exhibits the largest improvement in brightness when resonant with the cavity. The 
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10-fold lifetime reduction combined with a 42-fold intensity increase on resonance implies a large 
Purcell factor. Because of the non-unity off-resonance branching ratio into transition B,21-23, 25, 28, 
38-47 the actual Purcell factor is even higher than the directly measured lifetime reduction /off onW W
. Through quasi-resonant pumping and detection, an upper bound for the off-resonance branching 
ratio of 0.325 was measured, corresponding to a minimum Purcell factor of min 26.1 1.8F  r 23 
(details of both the branching ratio measurement and the Purcell factor calculation are in the 
Supplementary Information).   
Furthermore, we demonstrate that the strong Purcell enhancement leads to a UHJLPHZKHUH
VSRQWDQHRXVHPLVVLRQWKURXJKWKH=3/LQWRWKHFDYLW\PRGHGRPLQDWHVDOORWKHUGHFD\FKDQQHOV. 
We use the E -factor to characterize the fraction of the excited state energy decay through 
spontaneous emission into the cavity mode, defined as 1 /on offE W W  . The E -factor scales from 
0 to 1, with 1 being the excited state lifetime completely determined by the spontaneous emission 
into the cavity mode, and 0 being the excited state not emitting into the cavity at all. We estimate 
the E -factor to be 89.7±0.6%, demonstrating that the lifetime of the excited state is now 
dominated by the spontaneous emission into the cavity enhanced zero-phonon line. The large E -
factor combined with the short lifetime of 194 ps, yields a single photon emission rate / onE W of ~ 
2 0.74S   GHz into the cavity mode. Therefore, our system shows potential for an ultrafast, nearly 
gigahertz single photon source. 
We also show that the strong light-matter coupling enables a coherent dipole induced 
transparency effect.48  We use a tunable continuous-wave laser to excite the device from the notch 
at one end of the waveguide, and collect the transmitted light from an identical notch at the other 
end. Figure 4(a) shows the transmission spectrum of the bare cavity mode, where the cavity is far 
detuned from all four transitions of the SiV±. The bare cavity shows a single Lorentzian lineshape 
that strongly suppresses transmission at the cavity resonance. In contrast, when we tune the cavity 
into resonance with transition B of the SiV±, we observe a clear transmission peak at transition B 
due to dipole induced transparency. By fitting the measured data (blue dots) to a numerical model 
(red solid line; fitting see Supplementary Information), we extract the coupling strength between 
transition B and the cavity to be 2 4.9 0.3 GHzg S  r , and the cavity energy decay rate 
/ 2 49.7 2.0 GHzN S  r . We also calculate the cooperativity of the system, defined as  24C g NJ 
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, to be 1.4C  , where 2 1.36 0.06 GHzJ S  r  is the linewidth of transition B when the cavity is 
far detuned, obtained through photoluminescence excitation measurements.49 To the best of our 
knowledge, both the coupling strength and the cooperativity are the highest values reported so far 
for color center EDVHG FDYLW\ TXDQWXP HOHFWURG\QDPLFV systems. However, the origin of the 
superior performance of our devices compared to the previous works26 requires further 
investigation. We also determine the coupling strength between transition C and the cavity to be 
1.4 0.1GHzr  by performing the same measurements on transition C (see Supplementary 
Information). We attribute the difference in the coupling strength for transitions B and C to strain 
induced difference in the selection rules.50  In fact, this particular device we measured shows a 
much larger ground state splitting (155.0 2.5r GHz) compared with typical values, suggesting a 
large strain is present at the emitter location.18 
Finally, we observe a high yield of the strongly cavity enhanced SiV± centers, as 
summarized in Table 1. Eight devices were found displaying cavity resonances blue detuned by 
several nanometers from the SiV± ZPL emission, which is within the tuning range of the gas tuning 
method. Of the eight devices, four contain stable SiV± centers with low spectral diffusion, with the 
cavity tuning range reaching the ZPL wavelengths. In Table 1, onW , offW , /off onW W , /on offI I , and E
are the on-resonance lifetime, off-resonance lifetime, lifetime reduction factor, intensity increase 
factor, and fraction of the excitation decay through the spontaneous emission into the cavity mode, 
respectively. These four systems all exhibit a lifetime reduction greater than 5.5, and a E -factors 
greater than 82%.  
,QsummaryZHKDYHGHPRQVWUDWHG3XUFHOOHQKDQFHPHQWRIVLQJOHSKRWRQHPLVVLRQIURP
DVJURZQSiV± FHQWHUVLQGLDPRQGE\FRXSOLQJWKHPWRPRQROLWKLFSKRWRQLFFU\VWDOFDYLWLHV7KH
FDYLW\FRXSOHGSiV± FHQWHUVH[KLELWaIROGOLIHWLPHUHGXFWLRQIURPZKLFKZHH[WUDFWDE -factor 
RI89.7±0.6%,DQHPLWWHUcavity coupling strength of 2 4.9 0.3 GHzg S  r , and a cooperativity 
of 1.4$OOWKHSDUDPHWHUVUHSUHVHQWVWDWHRIWKHDUWYDOXHVIRUFRORUFHQWHUEDVHGFDYLW\TXDQWXP
HOHFWURG\QDPLFV V\VWHPV 7KH ODUJH E -factor suggests promising potential for scalable single 
photon sources operating at the gigahertz regime. )XUWKHU ZRUN RQ LPSURYLQJ WKH H[WUDFWLRQ
HIILFLHQF\RIWKHFRXSOHGV\VWHPWKURXJKHLWKHUIDUILHOGRSWLPL]DWLRQIRUIUHHVSDFHH[WUDFWLRQ
RUWKURXJKDQHIILFLHQWILEHUFRXSOHGGLDPRQGQDQRSKRWRQLFLQWHUIDFHZRXOGSXVKSiV± FORVHU
WRZDUGVVFDODEOHTXDQWXPQHWZRUNV7KLVSODWIRUPFRXOGDOVREHUHDGLO\H[WHQGHGWRRWKHUFRORU
 8 
FHQWHUV VXFK DV WKH JHUPDQLXPYDFDQF\ FHQWHUV  DQG QHXWUDO VLOLFRQYDFDQF\ FHQWHU LQ
GLDPRQGZKLFKDOVRH[KLELWGHVLUDEOHRSWLFDOSURSHUWLHVDQGKROGJUHDWSURPLVH IRUTXDQWXP
LQIRUPDWLRQSURFHVVLQJ The high Purcell enhancement and large coupling strength demonstrated 
in our system brings us closer to reaching the strong coupling regime, by either improving the 
cavity parameters55 (i.e. improving Q by a factor of 2 and decreasing V by a factor of 1.5) or by 
incorporating multiple (~7) emitters.56-58  
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Figure 1. High-Q nanobeam photonic crystal cavity. (a) Scanning electron microscopy (SEM) 
images of a nanobeam photonic crystal (PhC) cavity fabricated from single crystal diamond, with 
the inset showing the angled-view of the cavity region. Scale bars in (a) and the inset: 5 ߤm and 1 ߤm respectively. (b) Electric field intensity profile of the fundamental cavity mode of the photonic 
crystal cavity. (c) Cross-sectional electric field intensity profile of the fundamental cavity mode of 
the photonic crystal cavity, taken at the center plane in the x-direction. (d) Low temperature 
photoluminescence (PL) spectrum of a SiV± center and the cavity mode. The four narrow lines 
correspond to the four optical transitions of a SiV±, as shown by the double arrows in the level 
structure in the inset. The cavity mode is blue-detuned from the SiV emission at ~ 734.5 nm. 
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Figure 2. Emission properties of the single SiV± centers. (a) The linewidth of transition C of a 
SiV± in the nanobeam photonic crystal cavity. The linewidth at low excitation power reaches 304 
MHz, as shown in the inset. (b) Second-order autocorrelation measurement of the cavity coupled 
SiV± center emission under pulsed excitation, yielding (2) (0) 0.04g  .  
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Figure 3. Enhanced photoluminescence due to coupling to the photonic crystal cavity. (a) 
High resolution PL spectra over the SiV± emission region, as the cavity is tuned across the SiV± 
emission through argon gas condensation. The resonant and detuned cases are taken at the blue 
and green dashed lines respectively. (b) High resolution PL spectra of the SiV± center when the 
cavity is detuned from (green) and resonant with (blue) transition B of the SiV±. (c-d) Time-
resolved photoluminescence measurements of transition B of the SiV± yields a detuned lifetime 
1.84 0.04offW  r  ns (c), and resonant lifetime 194 8onW  r  ps (d). (e) Time-resolved spectroscopy 
measurement of transition B on-resonance. In this streak camera image, the wavelength is 
dispersed in the horizontal direction by a grating and time is resolved in the vertical direction. The 
binned region is boxed by the dotted lines. 
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Figure 4. (a) Cavity transmission spectrum when the cavity is far detuned from all transitions of 
the SiV±.  (b) Dipole induced transparency peak in the transmission spectrum when the same cavity 
is resonant with transition B of the SiV±. In both panels, blue dots are measured data, and red solid 
lines are fit to a numerical model. 
 
 
 
 
 
 
Table 1: Purcell enhancement parameters of the SiV± centers 
SiV± # 
onW  [ns] offW  [ns] /off onW W  /on offI I   E  (%) 
1  0.340±0.017 1.88±0.02 5.5±0.3 17.7 82.4±1.0 
2  0.208±0.011 1.79±0.02 8.6±0.6 5.6 88.6±0.7 
3  0.194±0.008 1.84±0.04 9.5±0.6 42.4 89.7±0.6 
4  0.158±0.003 1.70±0.02 10.8±0.3 39.1 91.0±0.3 
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Supporting Information.  
0DWHULDOV\QWKHVLVDQGGHYLFHIDEULFDWLRQOptical measurement set-up, Minimum Purcell factor
minF , Measurement of max[ , Comparison to the theoretical Purcell factor, Analysis of non-radiative 
decay and its impact on beta factor, Theoretical model for cavity transmission spectrum. 
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